Abstract-This study aims to evaluate the cartilaginous extracellular matrix (ECM) production in in vitro poly(lacticco-glycolic acid) PLGA-based scaffolds seeded with rabbit chondrocytes. Scaffolds with the size of 7mm (diameter) × 3mm (height) using ratio of 65:35 were formed using solventcasting and salt leaching method. The scaffolds were divided into four respective groups, 1) PLGA-atelocollagen-fibrin (PAF), 2) PLGA-atelocollagen (PA), 3) PLGA-fibrin (PF), and 4) PLGA (control). Gross morphology of the scaffold was observed for 3 weeks. Microscopy evaluation and histological staining was done using Haematoxylin and Eosin (H&E), Safranin O, Alcian Blue, Toluidine Blue for week 1, 2 and 3, respectively. The production of sulphated glycosaminoglycan (sGAG) was evaluated using Alcian Blue assay. The PAF group presented better cartilaginous appearance compared to other groups. The hybrid scaffold groups showed more ECM secretion indicated by the presence of web-like fibers network substance on the surface as visualized using scanning electron microscope (SEM). The presence of proteoglycan-rich matrix and glycosaminoglycan has been detected in both histological staining and sGAG assay. Based on the findings of this study, PLGA-based hybrid scaffold promoted better cartilaginous tissue formation in vitro.
I. INTRODUCTION
Articular cartilage articulates the end of the two bones that form diarthrodial (or, synovial) joints e.g. the knee and hip joints. The cartilage acts as a cushion, absorbs shock and reduces friction between the internal joint structures during the physical movement. Cartilage is an avascular, aneural and alymphatic hyaline connective tissue. It acts as lubricants and allows for a smooth gliding of articulating surfaces for joint movement, protecting the ends of long bones from shear at points of contact against mechanical stress. Chondrocytes is a specialized cells that reside in the articular cartilage. It distributed sparsely within the ECM of the articular cartilage [1, 2] .
ECM is the extracellular part of multicellular structure that typically provides structural and biochemical support to the surrounding cells. The common function of the ECM is to provide cell adhesion, cell-to-cell communication, and cell differentiation [3] . ECM contains of water, collagen, proteoglycans, and other non-collagenous proteins.
Glycoproteins also present but in lesser amounts [4] . Together, these components help to retain water within the ECM, which is critical to maintain the mechanical properties of articular cartilage [2, 5] .
In tissue engineering, PLGA is the most commonly used biodegradable synthetic polymers for three-dimensional (3D) scaffolds. It is degradable through de-esterification and hence can be removed by natural pathways of the human body system [6] . This biodegradable synthetic copolymer has been approved by the U.S. FDA (Food and Drug Administration) for surgical sutures [7] . However, the degradation of PLGA will result in acidic by-products that can induce inflammatory responses [8] .
Therefore, atelocollagen has been introduced to reduce the immunogenicity of PLGA [9] . It can also act as buffer to balance the PLGA by-products. The production of atelocollagen involves the elimination of telopeptide moieties via protease treatment [4] . It is highly biocompatible and recommended for the use of in vitro culture for various cells type [10] . Previous study has proven that the incorporation of fibrin with PLGA can enhance the rabbit chondrocytes in vitro and in vivo [11, 12, 13] . The use of fibrin together with PLGA acts as a potential cell delivery vehicle and provide homogenous distribution of cells in 3D scaffold [14] . It also acts as celladhesion mediator which enhance cell attachment, proliferation, differentiation as well as migration. Therefore, the aim of this study is to evaluate the cartilaginous ECM production in in vitro PLGA-based scaffolds seeded with rabbit chondrocytes.
II. METHOD

A. PLGA-based Scaffolds Formation
The previous method of constructing PLGA based scaffold were applied in this method [10, 15] with some modifications. PLGA scaffolds were formed using solvent casting and salt leaching method. Sieved sodium chloride (NaCl, Merck, Germany) particles (approximately 355-400 μm) were dispersed in a polymer/ solvent solution (20% w/v concentration of PLGA in methylene chloride). The solution was casted into silicone molds to make a cylindrical disk scaffold (7 mm in diameter and 3 mm in thickness). The resulting natural biomaterials impregnated PLGA scaffolds were immersed in deionized water for 24 h to leach out sodium chloride. The scaffolds were kept frozen in -80°C freezer before underwent freeze drying process for 24 h. For PLGA and atelocollagen scaffold, 1% atelocollagen type I (Cosmobio, Japan) were cross linkage with 40 mM 1-ethyl-(3-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Thermofisher Scientific, USA) and 20mM N-hydroxysuccinimide (NHS) in 2-ethenesulfonic acid (Thermo Fisher Scientific, Waltham, Massachusetts, United States) for 1 h. The crosslinkers were dispersed into PLGA thoroughly and freeze-dry for 48 h. For PLGA-fibrin/PLGA-atelocollagenfibrin scaffolds, the scaffolds were soaked in the cell-fibrin suspension and polymerized, by dropping calcium chloride (CaCl 2) (Green Cross P.D. Company, Yongin, Korea) solution on to the scaffolds after the cell seeding. All PLGA-based scaffolds were sterilized with 70% ethanol and washed three times with PBS before seeded with cells.
B. Chondrocytes Harvesting and Isolation
With the approval from the International Islamic University Malaysia (IIUM) Animal Care and Use Committee (IACUC), IIUM/IACUC-2018 (2), articular cartilage samples were obtained from approximately 2-year old rabbits [16] . The cartilage samples were dissected and processed within 6 h following sample collection. All samples were washed with phosphate-buffered saline (PBS; pH 7.2) (Gibco, Grand Island, NY) supplemented with 10% of Antibiotics and Antimycotic (AA) (Gibco). Each sample were minced into 1 mm 3 fragments and digested using 0.6% Collagenase II (Gibco) in an orbital incubator (Stuart Scientific, Redhill, UK) at 37°C for 6 h. After digestion, chondrocyte suspensions were centrifuged at 6 000 rpm, at 37°C for 5 minutes (Jouan, Duguay Trouin, SH). Supernatant were carefully decanted and resulted cells pellet were then washed with PBS to remove remaining enzyme. After final centrifugation, cell pellet was resuspended in PBS for total cell count and viability test using haemacytometer (Weber Scientific International, Ltd., Middlx, England). Cell viability were determined using trypan blue dye exclusion test (Gibco). Harvested chondrocytes were plated in 6-well-plates (Falcon, Franklin Lakes, NJ) with the initial seeding of 50 000 cells/cm 2 . Chondrocytes were cultured in FD complete media and stored in 5% CO2 incubator (Thermo Fisher Scientific, Waltham, Massachusetts, United States) at 37°C.
C. Morphology of "Cell-Scaffold" Constructs
The morphology of "cell-scaffold" construct for all groups were observed using scanning electron microscope (ZEISS EVO 50 field emission SEM, Jena Germany). After 3 weeks of in vitro culture, all constructs were fixed overnight with 2.5% glutaraldehyde (Agar Scientific Ltd, Essex, United Kingdom). The constructs were then washed with 0.1M phosphate buffer 10 mins each for 3 times. All scaffolds were post-fixed with 1% osmium tetroxide (Agar Scientific Ltd, Essex, United Kingdom) at room temperature for 2 h. Dehydration steps were performed on the samples in graded series of ethanol (50%, 75%, 95% and 100%) for approximately 15 mins each wash. The samples were then air dried overnight inside the fume hood before subsequently sputter coated with gold and observed under SEM.
D. Basic and Special Histology Staining
After 10% neutral buffered formalin (Leica, Biosystems, Wetzlar, Germany) fixation, all in vitro samples were dehydrated in a graded series of ethanol, embedded in paraffin, and sectioned at a thickness of 5.0 µm using a Leica microtome (Leica Microsystems, Wetzlar, Germany). Hematoxylin and eosin (H & E), Safranin O, Alcian blue, and Toluidine Blue staining were performed on all sections and were visualized using a light microscope (Olympus). The H&E staining to observe the overall cartilage tissue histoarchitecture. Safranin O staining to identify the presence of cartilage (specifically proteoglycans). Alcian blue staining to detect glycosaminoglycan. Toluidine blue used to confirm the distribution of proteoglycans.
E. Sulphated Glycosaminoglycan (sGAG) Production Assay
All protein contents were extracted with papain digestion solution (125 µg/ml of papain, 5 mM L-cystine, 100 mM Na 2HPO4, 5 mM EDTA, at pH 6.8). The samples were digested for 16 h at 60°C. The sGAG content were analyzed using Alcian Blue assay. For every sample, 50 µl was mixed with 750 µl Alcian Blue working solution and the absorbance was measured at 620 nm wavelength. The total sGAG content in each sample was extrapolated using a standard curve raging between 12.5-400 µg/ml. The total sGAG content was normalized to the wet weight of each sample, respectively. Data was expressed as mean ± standard deviation (SD).
F. Statistical Analysis
All quantitative results were analyzed using KruskalWallis test (non-parametric test) since the data were not normally distributed and the differences were considered significant when p < 0.05.
III. RESULTS
A. Gross Morphology of "Cell-Scaffold" Constructs
All "cell-scaffold" construct groups showed similar gross surface appearance and maintained their disk-shaped throughout the 3-week culture. However, the PAF and PF groups showed a glossier and smoother surface than the PA and PLGA only groups. In terms of size, all "cell-scaffold" construct groups showed some differences, but the measurement was not significant. A simple palpation assessment (conducted by a blinded assessor) indicated that the PAF group had firmer structure than the other groups. The results are summarized in Fig. 1 
B. Microscopic Morphology using SEM
All "cell-scaffold" construct groups at the end of week-3 culture showed similar microstructure formation. However, there are some variations in terms of the cells distribution between the hybrid scaffold groups and the PLGA only group as shown in Fig. 2 . The hybrid scaffold groups showed more ECM secretion indicated by the presence of web-like fibers network substance on the scanned surface. 
C. Microscopic Morphology using Basic and Special Histology Staining
There are differences in the formation of cartilaginous tissue in vitro. All groups did not show any cartilaginous properties at Week 01. However, in Week 03, there are minimal formation of ECM in the PAF more than the other groups as per indicated by the H&E (basophilic ground substance), Safranin O (orange-red proteoglycan matrix), Alcian Blue (cyan glycosaminoglycan matrix) and Toluidine Blue (dark blue cartilaginous ECM) as in Fig. 3 
D. Level of sGAG Production
Total sGAG production was normalized by the wet weight of each sample as shown in Fig. 4 . The cumulative sGAG content over wet weight in percentage (%) after 3-week in vitro culture for PAF = 73.5 ± 5.557; PA = 56.3 ± 6.113; PF = 52.0 ± 8.856; and PLGA only = 39.1 ± 7.744. Fig. 4 . Total sGAG production was normalized by the wet weight of each sample. The cumulative sGAG content over wet weight in percentage (%) after 3-week in vitro culture according to respective groups. There is no significant difference for sGAG production within different types of "cellscaffold" constructs.
IV. DISCUSSIONS
The principal of tissue engineering and regenerative medicine is to produce biological organ substitute that restore, maintain, and improve the tissue functions. One of the three main components in tissue engineering is biomaterial scaffold. The purpose of using biomaterial scaffold is to facilitate the cell proliferation in vitro culture by providing the temporary physical support for cell attachment [16] and facilitate the growth of cells by providing the substrate for cell growth [17] .
One of the characteristics of cartilage is glossy and shiny. Hence, to inspect the early formation of cartilage tissue in "cell-scaffold" construct, the gross morphology analysis been carried out. Based on the result, PAF "cell-scaffold" construct group showed better cartilaginous appearance when compared to other groups. It exhibited smooth and shining appearance when compared to the other PLGA-based groups. The structure of PAF constructs appeared intact and firm. In contrast, the PLGA group showed rough surface and had brittle structure compared to the hybrid scaffold groups. This may be due to the hydrophobicity properties of PLGA which affect lower cellular adhesion capacity [9, 12] than the hybrid scaffolds. Thus, delay the formation of cartilaginous tissue. Atelocollagen may contribute to the overall integrity of structure of the scaffolds [9] . Similar result could be observed in PLGA incorporated with collagen micro sponges [13, 5] .
The PF group also looks intact and firm, perhaps due to the fibrin properties as a good cell delivery. Fibrin facilitates the adhesion of the seeded chondrocytes by acting as cell sealant [18, 19] and contribute to more homogenous distribution of the seeded cells [13] . Thus, the presence of cells in the hybrid construct may contribute to the maintenance of the disk-shaped scaffold. Previous study on the assessment of periosteum-derived progenitor cells and fibrin gel immobilization technique in PLGA scaffold also presented with the similar result [20, 21, 22] .
In this study, the formation of PLGA scaffold involves the simple method known as salt leaching and solvent casting technique [23] . This conventional technique effectively forms pores inside of PLGA spaces by sublimation of the solvent and reaction with hydrated NaCl causing interconnection between PLGA molecules. Interconnected pore structures enable good cellular penetration of cells and diffusion of nutrients within the scaffolds as well as waste product excretion [8] .
Atelocollagen is a special type of collagen which is devoid of telopeptide region, owing to its lack of antigenicity. As visualized using SEM, chondrocytes seeded in PAF scaffold showed the secretion of ECM at the 3-week of culture. PAF also promotes better cell attachment and cell proliferation than the other type of scaffold groups. PAF and PF provide better cell adhesion and facilitate cell spreading and extension [24] when compared to other groups. The use of atelocollagen gel and sponges have been reported in previous study demonstrated that collagen sponges provide better ECM production compared to gel formation [25] . Similar result has been demonstrated using nucleus pulposus (NP) and annulus fibrosus (AF) of rabbit in which PAF and PF provide better cell attachment compared to PLGA and PA groups alone [9] .
Approximately, 5 × 10 5 cells per scaffold were cultured in each of the scaffold. It can be seen from the microscopic morphology using basic and special histology staining, cells seeded in PAF showed better cartilaginous tissue formation than the other groups. Several cell clusters filling up the void spaces of the scaffold can be observed. The cell clusters can be seen obviously in the 3-week of culture. The PAF established a predominantly better histoarchitecture compared to other groups. The newly synthesized ECM was briefly stained by the characteristic red of Safranin O, indicating the presence of the proteoglycan-rich matrix corroborated with positive Alcian Blue staining confirming glycosaminoglycan (GAG) accumulation at week 3 in culture for the PAF. The blue colour staining of Toluidine blue showed the positive distribution of proteoglycans. In contrast, PA and PF showed lesser cartilaginous tissue formation compared to PAF group. Chondrocytes cultured in PLGA "cellscaffold" demonstrated no cartilaginous tissue formation in vitro even at week 3. This result is comparable to the study done on rabbit bone marrow mesenchymal stem cells (MSCs) and rabbit chondrocytes which suggested the PF "cell-scaffold" construct exhibit better cell organization and enhanced better ECM distribution compared to PLGA only group [26, 27, 28] .
Cartilage ECM is composed of large networks of proteoglycans (PGs) that contain GAG such as hyaluronic acid (HA) and chondroitin sulfate (CS). The production of sGAG further verified using quantitative study using Alcian blue assay. The overall result for sGAG result indicates that, PAF secrete the highest sGAG compared to the other groups. This showed that PAF facilitate ECM secretion better compared to other groups. The same result also been obtained using PLGA/fibrin construct which showed higher sGAG production compared to PLGA only group [29, 30] .
V. CONCLUSION
The PAF group presented better cartilaginous appearance than the other groups. The pore size of the scaffold was reduced when it was incorporated with atelocollagen and fibrin as visualized using SEM. The presence of proteoglycan-rich matrix and glycosaminoglycan has been detected in both histological staining and sGAG assay. The evaluation of cartilaginous extracellular matrix production in in vitro construct and the total deoxyribonucleic acid (DNA) content analysis are currently underway. It is to compensate the sGAG analysis result which has been done in this study. Based on the current findings of the study, PLGA-based hybrid scaffold promoted better cartilaginous tissue formation in vitro than the PLGA alone which may be useful for future cartilage tissue engineering application.
